We present a photophysical and device-based investigation of a new bipyridyl-NCS ruthenium complex sensitizer with an extended π system, in both sensitized TiO 2 and incorporated into solid-state dye-sensitized solar cells. We compare this new sensitizer to an analog dye without the extended π system. We observe very similar excited-state absorption spectra and charge recombination kinetics for the two systems. However, the π-extended senstizer has a phenomenally enhanced molar extinction coefficient which translates into far greater light harvesting and current collection in solid-state dye-sensitized solar cells. We also infer from transient photovoltage measurements that positioning the pendent extended π system away from the TiO 2 surface has induced a favorable dipole shift, generating enhanced open-circuit voltage. The resulting power conversion efficiency for the solar cell has been increased from 2.4% to 3.2% when comparing the new sensitizer to an analogy with no pendent group.
Introduction
Photosynthesis in plants occurs following light absorption in dye chromophores with subsequent charge generation and separation via a cascade in energy through a sequence of molecules in order to spatially separate the photogenerated electron and hole. A "synthetic" photovoltaic system close to natural photosynthesis is the dye-sensitized solar cell. Here, light is absorbed in a molecular sensitzer, which is chemisorbed to a mesostructured TiO 2 electrode, with subsequent electron transfer to the TiO 2 . For the solid-state dye-sensitized solar cells studied herein, the dye molecules are contacted on the other side by an organic hole transporting material 2,2′,7,7′-tetrakis(N,N-di-pmethoxypheny-amine)-9,9′-spirobifluorene (Spiro-MeOTAD) to which hole transfer takes place, regenerating the oxidized dye. The insertion of a further charge transfer step between the dye and the Spiro-MeOTAD has been postulated to increase the average spatial separation of the electrons and holes and thus reduce recombination losses and increase device efficiency. There have been recent spectroscopic studies investigating the recombination kinetics of "donor-acceptor" dyes adsorbed to TiO 2 surfaces. 1-3 Donor-acceptor dyes have an electron donating unit attached directly to the dye core and have been shown to facilitate hole transfer from the dye chromophore to the appended unit. 1 For TiO 2 sensitized with these dyes, the recombination rate constant between the electron injected into the TiO 2 and the hole on the dye molecule can be strikingly reduced by many orders of magnitude. This appears to be due to extending the average spatial separation of the electrons and holes. 2, 3 However, as of yet these dyes have not performed favorably in complete solar cells, though some studies have demonstrated their potential utility. 3 A new series of "donoracceptor" dyes have recently been developed which consist of a ruthenium complex with both NCS and bipyridyl ligands. This core corresponds to the standard ruthenium complex which has previously shown great performance in both solid-state and liquid electrolyte dye-sensitized solar cells. 4, 5 To the periphery of one of the bipyridyl ligands, triphenyl amine (TPA) or N,N′-bis(phenyl)-N,N′-bis(3-methylphenyl)-1,10-biphenyl-4,4′-diamine (TPD) units are covalently linked. These dyes operate efficiently in DSCs and the reason for the efficient operation may be that they do facilitate a charge generation cascade and that the bulkiness of the appended electron-donor units increases the electron-hole separation and retards charge recombination. Spectroscopic studies of a series of these dyes incorporated in solid-state DSCs are indeed consistent with this postulation. 6 Here, we perform a spectroscopic and device based study on efficiently operating solid-state dye-sensitized solar cells, comparing a new TPA substituted dye to a standard NCS-bipyridylRu complex with an identical core but a methyl unit in place of the appended TPA "electron-donating" unit. The pendent group conjugated to the dye core causes more than a doubling of the optical density in the ensuing films and a slightly redshifted absorption spectrum. However, our spectroscopic studies reveal almost identical kinetics for the two dye systems, for both the electron recombination reaction with the oxidized dye molecules and the recombination reaction with the holes in the Spiro-MeOTAD hole-transporter. In spite of this, the phenomenally enhanced molar extinction coefficient of the new dye results in augmented light absorption and significantly increased current collection efficiency and subsequent power conversion efficiency when incorporated in complete solar cells.
Experimental Section
The new dye is comprised of a standard bipyridyl NCS ruthenium complex chromophore with a triphenylamine (TPA) pendant side group conjugated to the 4 and 4′ positions of one of the nonchelating bipyridyl ligands, here, we will term it Rubpy-TPA. The synthesis procedures are described elsewhere. 7 The TiO 2 film preparation and dyeing procedures were identical to those previously described, along with the solar cell fabrication and characterization procedures. 8 Photoinduced absorption spectroscopy was performed using the procedure by Ford et al., 9 and transient absorption spectroscopy was performed using the procedure by Moser et al. 10 The transient open-circuit voltage decay measurements were performed as previously described. 11
Results and Discussion
Light Absorption. We compare the Ru-bpy-TPA to a dye with an identical core structure, however, the TPA unit is replaced with a simple methyl unit, which we shall term Rubpy-Me. The chemical structures are shown in Figure 1 along with the absorption spectra of a 1.4 µm thick film of mesoporous TiO 2 sensitized with the dye molecules. The most striking feature in the absorption is the extreme enhancement at around 430 nm. The absorption peak for isolated TPA is around 300 nm. We do observe this peak in the absorption spectra of the dye solution demonstrating that the enhancement at 430 nm is not purely due to absorption from the TPA unit but enhanced oscillator strength of the ruthenium "super-complex". Along with the overall enhanced absorption, there is a red-shift of the peak centered at 525 nm for the standard dye to 540 nm for the Ru-bpy-TPA, consistent with this dye having an extended π-conjugated system when compared to the methyl substituted molecule. The reduction in the optical bandgap corresponds to approximately 65 meV. In solution the molar extinction coefficient of Ru-bpy-Me is approximately 13 500 M -1 cm -1 at 525 nm as compared to approximately 20 000 M -1 cm -1 for Rubpy-TPA at 540 nm. The solution UV-vis absorption spectra are shown in the Supporting Information. This demonstrates that the enhanced absorption in the sensitized films is not an artifact of increased dye loading but predominantly due to the increased molar extinction coefficient of the complex.
Photoinduced Absorption. The relatively small red-shift in absorption suggests that a new charge transfer state between the original chromophore and the appended TPA unit has not been created, though it is consistent with some extent of delocalization of the π system on to the TPA unit. When the ruthenium complex sensitizer is adsorbed on to a TiO 2 surface, electrons are considered to be injected very rapidly into the TiO 2 upon light absorption in the dye (fs time scale). A hole is then left on the dye molecule which will eventually recombine with electrons in the TiO 2 if the dye is not contacted to a regenerative medium such as Spiro-MeOTAD or iodide/triiodide redox couple. For the TPA substituted dye studied here, we investigate whether the hole undergoes a sequential transfer from the central chromophore to the TPA units. We have first performed photoinduced absorption (PIA) spectroscopy on 1.4 µm thick mesoporous TiO 2 films sensitized with the two dyes. Looking at the signal for the Ru-bpy-Me film we observe a bleaching of the signal above 2 eV (∼615 nm) and a double peaked broad photoinduced absorption with one peak centered around 1.55 eV (∼800 nm) and the higher energy feature overlapping with the bleaching signal, with the peak appearing at around 1.9 eV (∼650 nm). These features are consistent with the absorption of the oxidized Ru-bpy-NCS complex previously observed. 1 The bleaching of the Ru-bpy-TPA signal is slightly red-shifted in comparison, consistent with the red-shifted absorption spectra. However, the main polaron absorption feature remains very similar to the Ru-bpy-Me sample. There are subtle differences between these spectrums however, which we will explain and interpret here: For the Ru-bpy-TPA, the PIA signal at 1.55 eV is approximately the same intensity as for the Ru-bpy-Me, even though the absorption of the excitation light is much greater. In the far-infrared region (1.1-1.2 eV), where the electron absorbs in the TiO 2 , the signal for the Ru-bpy-TPA is much stronger than for the Ru-bpy-Me, consistent with a larger photogenerated electron density. In contrast to the Rubpy-Me bleaching signal in the visible, for the Ru-bpy-TPA the photobleaching is dominated by a new photoinduced absorption, resulting in an overall negative signal from 2.4 eV onward. We interpret this as there indeed being more charge generated from the Ru-bpy-TPA, apparent from the increased light absorption by electron species in the TiO 2 . If the polaron on the TPA unit absorbs in the visible region of the spectrum, then the change to the visible and near IR region of the spectrum can be interpreted as the polaron being delocalized over the entire π system, with significant HOMO density residing on the TPA unit. In fact this is a very similar effect to that observed when a hole-transporter, such as Spiro-MeOTAD, is in contact with a standard ruthenium complex. 12 The interesting question here is whether a delocalized polaron with a broad absorption exists or if there is sequential hole transfer from the basic ruthenium complex core to the TPA unit. In order to estimate the lifetime of each species, we can compare the magnitude of the in phase (X) and out of phase (Y) spectrum following the procedure of Westerling et al. where the lifetime (τ) is given by τ ) (Y/X)/ω, where ω is the modulation frequency. 13 This is presented in Figure 2b for both Ru-bpy-TPA and Rubpy-Me spectra. The data is reasonably noisy, especially where the PIA signal is small; however, it is quite clear that there is not a significant variation in the estimated lifetime between the species or between the dye molecules. The lifetime is approximately 400 µs. This is reasonably strong evidence that a delocalized polaron exists and that a sequential charge transfer does not take place in this system.
In order to probe the lifetime more accurately, the species lifetime can be estimated by scanning the PIA signal over a broad range of modulation frequencies. Figure 2c shows the frequency dependence of the PIA signal measured at 800 nm, with 128 mWcm -2 illumination intensity. The ideal behavior expected for species with a well defined lifetime should show the PIA signal independent of modulation frequency (ω) at lower modulation frequencies and a decrease as a power law of ω -1 at higher frequencies according to:
Here, this simple model is not completely accurate at higher frequency for both samples, whose signal decreases with a power law ω -a with a < 1, characteristic of a distribution of lifetimes for the electrons in the TiO 2 . Though it is not an ideal situation, it is still possible to fit the data with eq 1 in order to obtain an approximate, or average, lifetime for the charge species. We find very similar lifetimes for the two dyes with 370 ( 30 µs for Ru-bpy-Me and 380 ( 40 µs for Rubpy-TPA. This is also in very good agreement with the previous estimation above. Transient Absorption Spectroscopy. In order confirm the PIA measurements with a separate technique, we have also performed microsecond to millisecond transient absorption spectroscopy on mesoporous TiO 2 films sensitized with the two dyes. Figure 2d shows the transient absorption signal for the two systems, pumping at 600 nm and measuring the change in absorption of the oxidized dye species at 650 nm (the pump intensity was 35 µJ/pulse). We observe moderately fast recombination of the electrons with the oxidized Ru-bpy-Me, exhibiting a reaction half-time, t 50% , of approximately 60 µs. Consistent with the PIA measurements, we observe almost identical kinetics for the two dyes, with the reaction for the film containing Rubpy-TPA also exhibiting a half-time of approximately 60 µs. There is a difference in the kinetic data reported previously 6 and those reported here, which may be due to the difference in the experimental conditions such as intensity of light used, degree of dye absorption, etc. To compare the results here with a standard ruthenium complex, we observe a recombination halftime of approximately 200 µs for "Z907" measured under the same conditions. 14 Z907 is a standard ruthenium complex which operates very efficiently in this solid-state photovoltaic system. 15 If this recombination reaction is governed by the tunneling distance between the electrons and holes then these measurements suggests that the distance between the electrons in the TiO 2 and the highest occupied molecular orbitals (HOMOs) on the dye molecules are very similar for the systems studied here, consistent with a large fraction of the HOMOs still residing on the NCS ligands.
Dye-Sensitized Solar Cell Performance. We have fabricated complete solid-state dye-sensitized solar cells in order to verify that the enhanced absorption translates into increased currentcollection. In Figure 3a , we present the photovoltaic action spectra for devices fabricated with Ru-bpy-TPA and Rubpy-Me. We do indeed observe significantly enhanced current collection with an approximate doubling of the incident-photon to collected-electron quantum efficiency (IPCE) at most wavelengths. By considering the absorption spectrum (presented as 1-transmission) for the Ru-bpy-TPA device, we would expect a relative drop in IPCE of approximately 15% comparing the peak at 410 nm to that at 540 nm. In our measurements, we do not observe this, with the IPCEs being similar at these two wavelengths. However, in the device configuration, we employ gold electrodes which have a reflectivity of approximately 0.3 at 410 nm and 0.8 and 540 nm. 11 Therefore, accounting for the reflected light but neglecting interference effects and light reflected off the FTO glass, the total fraction of light absorbed in the film is approximately 0.97 at 410 nm and 0.94 at 540 nm, which is comparable, consistent with the IPCE measurements. It is also apparent however that all absorbed photons are not converted to electrons. Considering an approximate 0.1 to 0.2 loss of the incident light due to reflection off, and absorption in, the FTO glass, the internal quantum efficiency at 410 nm is approximately 0.46-0.51. Clearly, even for this well performing dye, there exist significant losses in the photovoltaic process and much room for further improvement. Figure 3b shows the current-voltage curves measured under simulated air mass (AM) 1.5 solar illumination at an intensity of 100 mWcm -2 and in the dark. We observe significantly enhanced short-circuit current density and a reasonable increase in the open-circuit voltage (∼50 mV) for the dye with the pendent TPA unit. This results in a significant enhancement in power conversion efficiency from 2.4% to 3.2%, This denotes also a 100% improvement of device performance compared to earlier reports. 6, 7 Transient Open-Circuit Voltage Decay Measurements. As can be seen from the increase in the photovoltaic action spectra, the enhanced light absorption has resulted in a significant increase in the charge generation rate. For the cells studied here, the open-circuit voltage should increase by approximately 100 mV per decade increase in the charge generation rate. 8 Here we observe approximately a doubling in the light absorption which should result in a maximum increase in open-circuit voltage of 30 mV. The further enhancement in the open-circuit voltage may be consistent with suppressed electron-hole recombination or a shift in the surface potential at the TiO 2 / dye/Spiro-MeOTAD interface. In order to investigate this, we have performed transient open-circuit voltage decay measurements to derive the charge recombination lifetime for the two cells: A low intensity square wave pulsed monochromatic light source is superimposed upon a large "bias" white light, with the transient voltage perturbation recorded on a fast source and measuring unit. The decay rate of the voltage perturbation gives a good estimate of the electron recombination rate constant in the cell under conditions similar to solar cell operation. 16 Figure  4a shows the estimated recombination rate constant as a function of bias white light intensity. We find very similar behavior for the cells containing either Ru-bpy-TPA or Ru-bpy-Me, demonstrating that the charge recombination kinetics are weakly influenced by the presence of the TPA units. However, to fully verify this, we need to be certain that the charge density within the film increases in the same manner with light intensity for the two systems. 17 ∆V), we compare the recombination rate constant at constant quasi Fermi level position in the TiO 2 (assuming the same density-of-states in the TiO 2 for the two systems). This is also shown in Figure 4a . Once again the points lie on similar curves demonstrating little change to the recombination between electrons in the TiO 2 with holes in the Spiro-MeOTAD for the dyes with or without the TPA units.
From the voltage perturbation measurements we can probe the density of states in the TiO 2: As discussed above, the reciprocal of the voltage perturbation (1/∆V) should scale with the density-of-states at the E Fn in the TiO 2 . We can also consider the open-circuit voltage to be the "splitting" of the quasi Fermi levels, i.e., the difference in energy between the quasi Fermi level for electrons in TiO 2 and the quasi Fermi level for holes in Spiro-MeOTAD. Therefore, plotting the open-circuit voltage versus 1/∆V gives information concerning the shape of the density-of-states and the position of the energy levels in the TiO 2 with respect to the reference voltage (the reference voltage being the quasi Fermi levels for holes in the Spiro-MeOTAD). This is plotted for the two systems in Figure 4b . Both sets of data fit with very similar logarithmic curves consistent with an exponential tail to the trap density-of-states beneath the conduction band in TiO 2 . Notably, the curve for the device containing the TPA substituted dye is at a higher position with respect to the reference potential. Since the only alteration between the two systems is the dye, this is consistent with an increased "dipole offset" induced by the Ru-bpy-TPA complex at the TiO 2 /Dye/Spiro-MeOTAD interface. Since the Ru-bpy-TPA is expected to have some HOMO density located on the TPA unit, this is consistent with the dipole moment for this molecule being larger than that of the Ru-bpy-Me molecule.
Conclusions
In summary, we have presented a new ruthenium complex with an extended π system and fully characterized it optically, when adsorbed to TiO 2 , and electronically, when incorporated in solid-state dye-sensitized solar cells. We observe very similar excited-state absorption spectra and recombination kinetics between the electrons in the TiO 2 with the holes on the dye, when compared to an analog dye without the extended π system. By conjugating the TPA unit to the dye backbone the molecular extinction coefficient has been phenomenally enhanced resulting in far greater light harvesting and photocurrent generation. Positioning the TPA unit away from the TiO 2 surface appears to have induced a favorable dipole shift, generating an enhanced open-circuit voltage. This contributes significantly to improved solar cell efficiency. Though our results are very encouraging, our estimated internal quantum efficiency (collected electrons to absorbed photons) for these dyes is only 50%. Hence, by further modification of this type of sensitizer, for example by adding moeties such as oxyethylene chains which have shown significantly enhanced quantum efficiency for standard ruthenium complexes incorporated in solid-state DSCs, 11, 18, 19 we expect further performance enhancements.
